Background/Aims: To characterize the temporal profile of cold-induced angiogenesis in brown and white adipose tissues of mice in vivo and the temporal changes of angiogenic factors in primary mice brown (BA) and white adipocytes (WA) treated with β 3 -adrenoceptor agonist (CL316,243) in vitro. Methods: 8-week old male C57BL/6J mice were individually housed in conventional cages under cold exposure (4°C) for 1, 2, 3, 4 and 5 days. Interscapular brown adipose tissue (iBAT), inguinal subcutaneous (sWAT) and epididymal white adipose tissues (eWAT) were harvested for immunohistochemical and gene expression analysis. In vitro, primary mice BA and WA treated with or without CL316,243 were harvested for gene expression and protein secretion analysis. Results: A combination of morphological and genetic (Vegfa, Vegfr2, Pai1 and Pedf) analyses demonstrated depot-specific angiogenesis in response to cold exposure. Upon CL316,243 treatment, angiogenic factors (Vegfa, Vegfr2, Hif-1α, Pai1 and Pedf) and secreted protein VEGFA were transiently increased in both BA and WA. Conclusion: Our results show that iBAT is highly responsive to cold-induced angiogenesis that is mainly supported by sWAT with a lesser extent by eWAT. Moreover, the angiogenesis is a transient process with the angiogenic factors may work in an autocrine/paracrine manner.
adipose tissues (WAT and BAT) plasticity, namely the ability to expand, plays a critical role in the regulation of body energy balance. In human beings, WAT overexpansion may lead to obesity and is associated with multiple metabolic complications including type 2 diabetes and cardiovascular diseases [1, 2] . Meanwhile, increased BAT expandability/plasticity has been shown to be an important factor referring to healthy metabolic profile [3, 4] . Therefore, there is an unmet need for understanding the cellular and molecular mechanisms involved in adipose tissue plasticity.
Adipose tissue is highly vascularized and each adipocyte is encircled by plentiful capillary network, supporting adipose tissue plasticity [5, 6] . The vasculature provides correct oxygen tension, nutrients, hormones and growth factors to adipose tissue, meanwhile, removing metabolic wastes [7, 8] . The vessels also supply progenitor cells that can differentiate into preadipocytes and vascular endothelial cells [7] . Besides, activated endothelial cells in adipose tissue produce multifarious cytokines and growth factors regulating adipogenesis, which is the main part of adipose tissue plasticity [9, 10] . To adapt to the changes in volume and metabolic rate of adipose tissue, adipose vasculature requires constant modulation by several angiogenic regulators. Adipocytes themselves are able to regulate angiogenesis by adipokines secretion [11] . As the largest endocrine gland in human body, adipose tissues produce several pro-angiogenic factors such as vascular endothelial growth factor A (VEGFA), as well as anti-angiogenic factors including thrombospondin-1 (TSP-1), or other angiogenic regulators like plasminogen activator inhibitor 1 (PAI-1) [10, 12, 13] . These angiogenic factors play comprehensive roles in regulating angiogenesis.
It is widely believed that overexpanded WAT is associated with obesity related morbidities. In contrast, as a thermogenic organ, the activity of BAT counteracts the obesity. BAT possesses extraordinarily complex vascular networks to support its high thermogenic activity. It also meets the needs of supplying oxygen and substrates to fuel thermogenesis and distributing heat throughout the body rapidly [14] . Although the primary role of BAT is to generate heat, brown adipocytes function similarly as white adipocytes and secrete adipokines including angiogenic factors that regulate the neovascularization, maintenance and remodeling of the vasculature [15] . The presence of metabolically active BAT in adult human has attracted extensive interests in recent years [16] . It has been demonstrated that acute cold exposure can activate BAT in human, which exhibits considerable plasticity and simultaneously activated angiogenesis [17, 18] . In addition, recent studies showed that subcutaneous WAT (sWAT) can be converted into BAT under certain circumstances such as prolonged cold exposure or β 3 -adrenoceptor agonist treatment [19] . The concept of this process, termed "browning" of white adipocytes, has emerged with the recognition that there is a second type of brown adipocyte within sWAT -the beige or brite adipocyte [20] . Beige adipogenesis may be accompanied by switching on an angiogenic phenotype. In several rodent models, induced pro-angiogenic factors have been detected in BAT following several hours of cold exposure [21, 22] . Furthermore, typical angiogenic features have been observed in BAT and sWAT after one week or longer cold exposure [12] . However, the characteristics of dynamic cold-induced angiogenesis in BAT and WAT remain largely unknown.
Our group recently reported that iBAT expansion occurs in mice from the third day of cold treatment, whilst sWAT and eWAT mass recover at day 4 of cold exposure. It implies that the adipose tissue angiogenesis is detectable during this stage. Additionally, the expression profile dynamics of the major angiogenic factors during cold exposure remain unclear. Therefore, there is a necessity to clarify the temporal profile of adipose tissue angiogenesis during cold exposure.
In this study, we have characterized the angiogenesis in iBAT, sWAT and eWAT of male C57BL/6J mice in response to a time course of cold exposure (1-5 days). We have also examined the expression of angiogenic factors in primary mice BA and WA during CL316,243 treatment. 
Materials and Methods

Animals, Cold exposure and Tissue Collection
All animal studies have been approved by the Ethical Committee of Xi'an Jiaotong University. The procedures involving animals were performed as described previously. In brief, male C57BL/6J mice at 8 weeks old were divided into several experimental groups. Some mice were adapted at 18 o C for one week before being transferred to 4 o C for 1-5 days (Cold mice). Other mice were maintained at room temperature (23 o C) for 5 days (RT mice).
The blood was collected by retro-orbital bleeding under isoflurane anesthesia. Mice were subsequently euthanized by cervical dislocation. The iBAT, inguinal sWAT and eWAT tissues were dissected out immediately. For RNA extraction, adipose tissues were stored at -80 o C until further use. For immumohistochemical analysis, tissues were transferred into 4% paraformaldehyde, followed by embedding in paraffin.
qRT-PCR analysis
Real-time PCR was performed as previously described [23] . All the primers were ordered from AUGCT (Beijing, China), of which the sequences are shown in Table 1 .
Immunohistochemistry
Immunohistochemistry of CD31 and vWF was performed as previously described [24] . Primary antibodies of CD31 were used at 1:300 and vWF at 1:500 (R&D System, USA), respectively. Photos at 400× magnification were all divided into 20 fields equally and numbered uniformly. According to the random number table, six fields per mouse were chosen for data collection and analysis using ImageJ software (NIH, Bethesda, MD, USA), with six mice in each group.
Primary mice preadiopocytes culture
Primary mice brown and white preadipocytes were isolated from iBAT and inguinal sWAT of 3-weekold C57BL/6J male mice. Brown preadipocytes were cultured in DMEM (Gibco BRL, MD, USA) containing 20% fetal bovine serum (Gibco), whilst white preadipocytes were maintained in DMEM/F12 1:1 (Gibco) containing 10% fetal bovine serum at 37 o C in a humidified 5% CO 2 incubator. Cells were used for experiments at passage two after 1-2 weeks of culture.
To induce preadipocyte differentiation, cells were grown to postconfluence then cultured in the presence of a chemically defined medium [25] . After 9 days of culture in the differentiation medium, the cells had a fully differentiated phenotype with a large number of lipid accumulation.
Oil red O staining
Lipid accumulation was assessed by Oil Red O staining. The process was performed as previously described [23] . In brief, after 9 days of differentiation, cells (in 24-well plates) were washed twice in PBS and fixed in 4% paraformaldehyde for 1 h in room temperature. After rinsing in 60% isopropanol, cells were incubated in Oil red O working solution for 15 min. Then cells were rinsed three times in ddH 2 O and photographed by phase-contrast microscopy (Nikon Eclipse TS100).
Treatment of brown and white adipocytes with CL316,243
To stimulate the thermogenic program, differentiated cells were incubated in the serum-free medium for 12 h prior to treatment with or without CL316,243 (0.5-2 μM, Tocris Bioscience, Bristol, UK) for indicated lengths of time. 
VEGFA and PAI1 secretion
Mice plasma and conditioned medium from brown and white adipocytes were collected at the indicated time points. VEGFA and PAI1 concentrations were determined by ELISA (Thermo Fisher Scientific, USA).
Statistical analysis
Data were expressed as means ± S.E.M. of independent experiments and statistical analyses were performed in GraphPad Prism 6.0 using the following tests: Student's t test for differences between two experimental groups, One-way ANOVA for differences across experimental groups in conjunction with Tukey post hoc test to compare differences between treatment groups. P< 0.05 was considered as statistically significant.
Results
Cold exposure induces angiogenesis in iBAT and sWAT, but not in eWAT
To determine the potential effects of cold exposure on angiogenesis in BAT and WAT of mice, experiments were performed to compare mice maintained at room temperature (RT) or cold-exposed (Cold) environment for up to five days. Histological analysis revealed higher number of CD31-positive cells in iBAT and sWAT of Cold mice at days 4-5 and day 5 respectively than those at RT, indicating a larger number of microvessels in iBAT and sWAT of Cold mice (Fig. 1A) . Intriguingly, although the eWAT adipocyte size of Cold mice appeared smaller than those at RT, no obvious difference in the number of CD31-positive cells between Cold and RT mice had been observed (Fig. 1A) . Quantitation of microvessel density confirmed these observations, manifesting that the proportion of CD31-positive area was increased in iBAT and sWAT from day 4 ( Fig. 1B-C) . Despite failing to reach statistical significance, the proportion of CD31-positive area in eWAT showed the tendency of increase at day 3 of cold exposure as well (Fig. 1D) . The expression level of von Willebrand Factor (vWF), another angiogenesis marker, was higher than that of CD31 in adipose tissues. However, the expression pattern of vWF was as similar as that of CD31. Histological analysis showed significantly more vWF-positive cells in iBAT and sWAT of Cold mice comparing with RT mice, at day 4 and maintained thereafter (Fig. 1E-G) . However, no significant difference in eWAT has been observed (Fig. 1E) . Quantitation of the proportion of vWF-positive area in eWAT again confirmed these observations (Fig. 1H) . These results indicate that the acute cold exposure significantly increases microvessel densities in iBAT and sWAT, but lesser impact is exerted to eWAT.
Cold exposure differentially changes the expression of angiogenic factors
As cold exposure differentially changed the microvessel density in adipose tissues, we further investigated the changes of angiogenic factors in iBAT, sWAT and eWAT. Real-time PCR results showed that the changes in the expression of the core pro-angiogenic gene, vascular endothelial growth factor A (Vegfa), differed in each of the depots (Fig. 2A) . Perhaps surprisingly, in iBAT, Vegfa expression decreased by around 50% from day 2 to day 5. In sWAT, it increased gradually from day 1 to day 3, but only reached statistical significance on day 3, and decreased thereafter. In eWAT, Vegfa expression increased around 10-fold from day 2 to day 5. We also found that expression of vascular endothelial growth factor receptor 2 (Vegfr2), a key receptor of VEGF system in adipose tissues, increased within 1 day during cold stimulation, then decreased to basal level on subsequent days in all three depots (Fig.  2B) . Interestingly, hypoxia-inducible transcription factor 1α (Hif-1α), a master mediator of hypoxia signal, was upregulated in iBAT and eWAT at day 1 & 4 and day 3 respectively with no significant changes observed in sWAT. Notably, the Hif-1α levels in eWAT were 3-5-fold higher than those in iBAT and sWAT (Fig. 2C ). These data demonstrate that the relative expression of the pro-angiogeneic factors, the magnitude of the changes and the temporal profiles differ in all depots. 
Values are mean ± S.E.M. and expression of genes is corrected for the housekeeping gene Cyclophilin. (n=6 for each group, *P < 0.05, **P < 0.01). 
CL316,243 treatment induces the expression of angiogenic factors in primary brown and white adipocytes
It has been well established that cold-induced adipose tissue remodeling and browning was involved in activation of β 3 AR-cAMP pathway in vivo. Therefore, after figuring out the temporal details of depot-specific angiogenesis induced by cold exposure, we investigated whether the activation of β 3 -adrenoceptor directly effected on the changes of angiogenic factors expression in adipocytes. Primary cultures of mice BA and WA isolated from iBAT and sWAT were utilized to verify our hypothesis. As shown in Fig. 3A , most preadipocytes were filled with lots of lipid after 9 days of differentiation. Indeed, we found the treatment of the BA and WA with different doses of β 3 -adrenoceptor agonist, CL316,243 (CL), induced a rapid and sustained up-regulation of the core thermogenic gene, uncoupling protein 1 (Ucp1). Although insignificant, Ucp1 expression showed a tendency of dose-dependent upregulation by CL treatment (Fig. 3B) . We also found α subunit of peroxisome proliferatorsactivated receptor-γ coactivator 1 (Pgc-1α), a key inducer of brown adipocyte activation, showed a similar expression pattern to Ucp1 in both BA and WA (Fig. 3C) . These results imply that the β 3 AR-cAMP pathway may be involved in the expression of the browning markers in BA and WA.
We further investigated whether the β 3 AR-cAMP pathway was indeed associated with the changes of angiogenic factors expression. As expected, CL treatment induced a transient increase in expression of Vegfa in BA at hours 1-4. In WA, the expression of Vegfa was rapidly induced (peaking at around 5-fold at hour 3) before decreasing to basal level at hour 24 (Fig. 4A) . Rapid induction of Vegfr2 expression by CL was also observed in BA and WA, peaking at hour 3 and hour 2 respectively (Fig. 4B) . Interestingly, over the 24-hour timecourse, CL treatment increased Hif-1α expression significantly at all time points in WA while only induced significant increases from hour 1-4 in BA (Fig. 4C) . To our surprise, the anti-angiogenic marker, Pai1, showed an expression pattern similar to Vegfr2 in both BA and WA (Fig. 4D) . The expression levels of pedf, another anti-angiogenic marker, also transiently increased at hours 1-5 before returning to the baseline in BA. In contrast, in WA, pedf levels were rapidly induced except for hour 5 and hour 24, at which pedf levels dropped back to baseline (Fig. 4E) .
To extend our observations at the gene level we characterized the effects of cold exposure and CL on changes of the secretory proteins VEGFA and PAI1. Unexpectedly, no obvious differences have been observed in both VEGFA and PAI1 proteins between RT and Cold mice plasma (Fig. 5 A-B) . Nevertheless, compared to the control cells, CL treated cells secreted more VEGFA protein in BA and WA, with around 2-fold and 4-fold of increases respectively (Fig. 5 C) . Although no change has been observed in BA, the secretion level of PAI1 showed around 2-fold of increase in WA (Fig. 5 D) . The differences of CL-induced angiogenic factors expression further support the notion that cold-induced adipose tissue angiogenesis is depot-specific.
Discussion
It is well established that the plasticity of adipose tissue requires its vascularization via the processes of angiogenesis. Recently, inappropriate angiogenesis has been shown to underlie certain adipose tissue dysfunction in obesity, which in turn increases the metabolic complications risk [5, 26] . Therefore, understanding and controlling the angiogenesis in adipose tissues may offer a great opportunity to the treatment of obesity and metabolic disorders. Several murine studies have shown that acute cold acclimation or β 3 -adrenergic agonists induces pro-angiogenic factors in BAT, whilst prolonged exposure of mice to cold results in activation of angiogenesis in iBAT and sWAT [12, 21, 22, 27] . We have recently reported that the remodeling and browning in BAT and WAT during cold exposure exhibit depot-specific differences [28] . However, it remains elusive to what extent BAT and WAT angiogenesis occurs following cold exposure, and whether it shows any depotspecific differences. In this study, we have addressed this by characterizing the profiles of angiogenesis during 1-5 days cold exposure in mouse BAT and WAT and the temporal changes of angiogenic factors in mouse BA and WA following CL treatment. We have shown that BAT and WAT responded differently to cold-induced angiogenesis in vivo. In addition, by utilizing primary brown and white adipocytes, we have observed that the CL treatment rapidly increased the expression of angiogenic factors.
Because of the extremely high demand for blood flow during active thermogenesis, BAT possesses extensive microvessel network. We found that iBAT had a higher degree of vascularization than sWAT and eWAT in RT mice, principally in agreement with previous observations [12, 29] . Recent studies have also shown that prolonged periods of cold exposure increases BAT capillary density [12] . Consistent with this, we observed a significant increase in iBAT microvessel density of Cold mice after 4 days. Interestingly, this timepoint happens to coincide with our recent report, which implies days 4-5 after cold exposure is the 'cold adapted' phase of adipose tissues remodeling [28] . It is tempting to speculate that the induced angiogenesis in iBAT may contribute to the major benefits of the 'cold adapted' phase. Even though further studies are required to verify this hypothesis, it is believed that a new steady-state level of vascularization needs to be established for new energy demands on adipose tissues during 'cold adapted' phase. Although thermogenesis and sympathetic activity are constant during cold exposure, previous studies have indicated the phase of induced angiogenesis is transient [12, 21, 27] . Our findings of the transient increases of proangiogenesis factors Vegfr2 and Hif-1α both in vivo and in vitro support this notion. In addition, we observed a rapid increase in the mRNA level of pro-angiogenesis factor Vegfa upon 1-4 h CL stimulation in BA, which is consistent with other studies that demonstrated a transient induction in Vegfa expression following norepinephrine treatment [21, 27, 30] . Intriguingly, the Vegfa level exhibited a significant decrease after 2 days of cold exposure. This phenotype may be associated with a "switching-off" mechanism of cold-induced angiogenesis to prevent over-neovascularization in BAT, which is an interesting question worth further investigations. Adipose tissue angiogenesis is at least partially regulated by the balanced release of proand anti-angiogenic proteins secreted from adipocytes. PAI1 and PEDF have been shown as the inhibitors of angiogenesis process [31, 32] . However, a recent report described an inexplicable finding that overexpression of PEDF did not alter angiogenesis in mice adipose tissue [33] . Moreover, PAI1 has been reported to both positively and negatively regulate angiogenesis depending on the dosages [34] . These reports demonstrated the complex roles of PAI1 and PEDF in adipose tissue angiogenesis. Our studies support this view when the expression patterns of Pail and Pedf in BAT are compared with those in cultured BA (for example, Pedf expression decreased in BAT but transiently increased in BA).
It has been reported that the adipose tissue remodeling, relevant to beige adipogenesis, becomes more prominent within sWAT in mice after cold exposure or β 3 -adrenoceptor agonist treatment [35] . Within this phase, the angiogenesis is simultaneously activated [12] . Consistent with this, our study showed 5 days of cold exposure induced angiogenesis of sWAT, indicated by an increase in the CD31-and vWF-positive cell staining with subsequent increases in expression of Vegfa and Vegfr2, the markers of angiogenesis. Additionally, our in vitro study showed the pro-angiogenesis factors Vegfa, Vegfr2, Hif-1α and secreted protein VEGFA were up-regulated rapidly following the CL treatment. Interestingly, we also observed significant increases of Pai1 and Pedf in sWAT from days 1-4 and day 4 of cold exposure respectively, as well as in cultured WA following CL treatment. Given that PAI1 plays opposite roles in angiogenesis depending on the dosages [34] , we infer that the increased Pai1 mRNA may result in the production of low dose of PAI1 protein to induce angiogenesis in sWAT. Further studies are needed to determine the concentration of PAI1 contributing to coldinduced sWAT angiogenesis. Moreover, Lakeland et al. has reported that instead of altering angiogenesis, the predominant role of PEDF is to modulate lipolysis positively [33] . It is possible that the cold exposure and CL treatment in sWAT utilize this mechanism to provide a fuel substrate to meet the increased energy demands.
We recently reported that the remodeling of eWAT is very modest upon cold exposure [28] . In this study, we also observed that eWAT was relatively non-responsive to cold-induced angiogenesis, indicated by the unaltered numbers of the CD31-and vWF-positive cells. Nevertheless, the major angiogenic factors were significantly increased in eWAT during cold exposure. Moreover, our finding of higher levels of Vegfa and Pai1 in eWAT compared to iBAT and sWAT were in line with previous studies which reported higher expressions of Vegfa and Pai1 in omentum [36, 37] . Intriguingly, despite the high expression of angiogenic factors, the angiogenesis in eWAT was relatively chronic and mild responding to cold exposure. Collectively, these observations demonstrated that the mechanisms of angiogenesis among different depots may vary significantly.
We noticed that some angiogenic genes such as Vegfa and Pedf, exhibited different expression pattern between experiments employing in vivo cold exposure and in vitro CL treatment. This may be due to the different observation time of the experiments in vitro and in vivo. In addition, our in vivo experiments suggest that angiogenic genes are not merely regulated by β 3 AR-cAMP pathway. Further studies are in need to uncover the molecular mechanism for the regulation of angiogenic genes in adipose tissue.
It is well known that most adipokines play the regulatory roles in the manner of autocrine, paracrine or endocrine [38] . Nicosia et al. reported that VEGF regulates rat aorta angiogenesis in an autocrine/paracrine manner [39] . A recent study also provided evidence for a VEGF-mediated autocrine/paracrine regulation of stem cell regeneration [40] . Dohgu et al. showed PAI1 up-regulates the blood-brain barrier function in the ways of autocrine and paracrine [41] . Our findings of no changes in VEGFA and PAI1 levels in plasma but significant increases in cultured medium reinforce the notion that the main regulatory manner of these angiogenic factors is autocrine or paracrine. Therefore, more investigations are in need to determine the regulatory mechanisms for the secreted levels of angiogenic factors in adipose tissues.
In summary, the presented data demonstrate that BAT and WAT display dynamic alterations in terms of angiogenic characteristics and the expression of angiogenic factors during cold exposure. In order to significantly contribute to the thermogenic process throughout cold acclimation, iBAT angiogenesis rapidly increases in the early stage after cold exposure, and is partially supported by the angiogenesis of sWAT, and to a lesser extent Luo et 
